Data requirements are not harmonized globally for the regulation of food and feed derived from stacked genetically modified (GM) events, produced by combining individual GM events through conventional breeding. The data required by some regulatory agencies have increased despite the absence of substantiated adverse effects to animals or humans from the consumption of GM crops. Data from studies conducted over a 15-year period for several stacked GM event maize (Zea mays L.) products (Bt11 9 GA21, Bt11 9 MIR604, MIR604 9 GA21, Bt11 9 MIR604 9 GA21, Bt11 9 MIR162 9 GA21 and Bt11 9 MIR604 9 MIR162 9 GA21), together with their component single events, are presented. These data provide evidence that no substantial changes in composition, protein expression or insert stability have occurred after combining the single events through conventional breeding. An alternative food and feed risk assessment strategy for stacked GM events is suggested based on a problem formulation approach that utilizes (i) the outcome of the single event risk assessments, and (ii) the potential for interactions in the stack, based on an understanding of the mode of action of the transgenes and their products.
Introduction
Genetically modified (GM) crops have been widely adopted since commercial release more than 20 years ago, with a steady growth each year in biotech hectarage planted globally (James, 2014) . The benefits of GM crops were recently documented by Klumper and Qaim (2014) and include an overall increase in yield of almost 22%, a 36.9% reduction in pesticide use and an increase in farmer profit slightly over 68%. GM crops are increasingly being exploited globally, benefiting 18 million farmers in 28 countries in 2014 (James, 2014) .
What is a GM stack?
Crop productivity has undergone continuous improvement by conventional plant breeding since crop plants were originally domesticated for agricultural purposes. For example, over 100 genes conferring beneficial traits from wild relatives have been incorporated into the genomes of 19 of the world's major crops by conventional breeding, creating new varieties with disease resistance, abiotic stress resistance and improved quality (Hajjar and Hodgkin, 2007) .
Conventional breeding techniques can also be used to combine traits from two or more GM events. A GM event is defined as the insertion of DNA into the plant genome as a result of a single transformation process (Pilacinski et al., 2011) . Individual events may contain one or more transgenes, and these events are sometimes referred to as molecular stacks (Que et al., 2010) . Alternatively, using conventional breeding to combine GM events does not involve insertion of new recombinant DNA sequence into the genome and does not modify the existing genomic DNA, so stacked GM events are, by definition, not a new event (Pilacinski et al., 2011) . The data presented in this study include analysis of stacked GM events created by conventional breeding of single events developed by Syngenta and will be referred to as stacked GM events or stacks.
Why are stacked events important?
The ability to offer multiple benefits in a single product have resulted in many GM events being combined by conventional breeding techniques, offering combinations of insect resistance and herbicide tolerance genes. These types of stacks are also referred to as 'pyramids', characterized by multiple traits that confer resistance to a specific pest or pest complex. For example, Syngenta's Agrisure Viptera â 3111 stack provides control of 14 insect pests and tolerance to both glyphosate and glufosinate herbicides. 1 GM events combining different modes of action for protection against specific insect(s) pests are a valuable strategy for management of insect resistance.
How are single GM events assessed for risk?
The principles underpinning risk assessments of GM events have been well described by the Food and Agricultural Organization/World Health Organization (FAO/WHO 1996 , 2000 , the Organization for Economic Cooperation and Development (OECD 2010) , the Codex Alimentarius (2003 , 2009 and by national regulatory agencies (EC 2013 , EFSA 2011a , EPA 2014 , FDA 1992 , Health Canada 2006 . Most commercial GM crops express transgenes, which encode proteins that confer the desired traits, for example pest control or herbicide tolerance. Many of these transgenes are derived from other plants or microorganisms ubiquitous and/or abundant in the environment and food and feed chain. Regardless of the nature and origin of the transgenes, newly developed GM events undergo comprehensive safety assessments prior to commercial release. The history of safe use of the conventional crop, which has been consumed for decades, can be used as a baseline for the safety assessment of new GM plant varieties (Kok and Kuiper, 2003) . Data generated for a risk assessment of a new GM single event intended for food and feed typically includes (i) molecular characterization of the genetic insertion, (ii) bioinformatic assessment of the inserted sequences for similarity to known allergens or toxins, (iii) protein toxicity studies, (iv) analysis of the physicochemical properties of the introduced proteins as they pertain to stability and activity, (v) quantitation of the proteins expressed by the transgenes in planta, (vi) nutritional equivalence assessed by compositional analysis and animal feeding studies, and (vii) an estimation of human dietary exposure. Although individual regulatory agencies may have different specific requirements, these data meet the requirements of most global regulatory agencies in regions that import food and feed commodities.
The molecular characterization of a GM event includes verifying the sequence of the inserted DNA and the host genome flanking sequences and confirmation of the copy number of the inserted sequences. Correct position of the promoter and terminator sequences with respect to the coding sequence(s) confirms that only the intended transcripts(s) and protein(s) are encoded by the transgene(s). The flanking sequence is used to assess the possible disruption of endogenous genes in the host plant and the potential generation of new open reading frames.
Proteins are an essential component of both human and animal diets, and most are safe to consume. But all known food allergens are proteins and there are also rare examples of proteins that are toxic to animals, including humans. The potential for proteins expressed by the transgenes to be allergenic or toxic is assessed using comparative bioinformatic data to identify similarities in sequence to known allergens or toxins and by characterization of physicochemical properties consistent with proteinaceous allergens and toxins.
Protein expression studies are conducted to generate a profile of transgenic protein expression across the life cycle of the crop produced under field conditions. These data can be used to estimate potential human and livestock exposure to the transgenic protein present in food and feed products and for determining appropriate dose levels for protein toxicity studies. Protein toxicity studies often use rats or mice to evaluate the effects of direct exposure to transgenic proteins administered via gavage, based on the recommended limit dose (OECD 2001) or the theoretical exposure level (OECD 2008) .
The major objective of compositional equivalence evaluations of new GM crop varieties is to assess whether the new GM event is comparable in nutrient and antinutrient content to the conventional crop that already has an established history of safe consumption.
In addition to compositional equivalence studies, some regulatory agencies require animal feeding studies with diets prepared from the raw agricultural commodity originating from the GM crop to further assess nutritional value and wholesomeness.
How are stacked events assessed for safety?
When a GM stack is created by conventional breeding, the inserted DNA from each individual event is transferred from parent to progeny similarly to that for endogenous genes. There is no additional recombinant DNA sequences introduced when stacking GM events by conventional breeding. For the purposes of this discussion on food and feed risk assessment of GM stacks, it is assumed that the single events that comprise the stack have been individually and comprehensively evaluated for food and feed safety, as described above, and that the novel proteins expressed in the GM stack have been shown to pose negligible risk to human and animal health.
Currently, there is no global consensus for the regulation of previously approved GM events combined by conventional breeding (Pilacinski et al., 2011) . Consequently, some regulatory agencies require no additional safety data, while others require a repeat of studies already conducted for the safety assessments of the individual events. Still others have chosen to regulate only the GM stacks, which are inclusive of the greatest number of events in the stacks under consideration ('higherorder stacks', Pilacinski et al., 2011; Ramjoue, 2008) . Countries that have adopted policies whereby approval of a higher-order stack may cover lower-order stacks containing the same events include Argentina, Paraguay, Uruguay, Philippines, the European Union and Brazil (e.g. EC 2013 , EFSA 2011a , Philippines 2013 .
For countries that require additional data for food and feed approval of stacked GM events, these requirements may include confirmation of copy number and intactness of the inserted sequence contributed by each of the single events, verification that expression of the introduced genes is consistent with that of the single events, and nutritional equivalence studies. Recently, a new requirement to confirm transgenic insert stability by resequencing of the individual single events in stacked GM events has been implemented for import approval in EU member countries (EC 2013) .
Compositional equivalence, protein expression and molecular characterization (insert stability and intactness) data generated for food and feed safety assessments of stacked GM events and the component single events are described for stacks containing two, three and four Syngenta events in six stacked event combinations (Bt11 9 GA21, Bt11 9 MIR604, MIR60 4 9 GA21, Bt11 9 MIR604 9 GA21, Bt11 9 MIR162 9 GA21 and Bt11 9 MIR604 9 MIR162 9 GA21). Data from individual studies were compiled to create a compendium representing the range of variation in composition and expression of single events and stacks across many years of agricultural production in different environments and in different germplasm. As expected, both environment and germplasm had an impact on composition and expression, but there were no indications that stacking the events had either an additive or synergestic effect. These data, together with molecular studies demonstrating insert stability, provide compelling evidence that when there is no likely interaction between the single event, extrapolation of single event risk assessment data to the stacked GM events is warranted.
An understanding of the modes of action of the individual transgenes, the products they produce and the transgenic protein expression profile can be used with a problem formulation approach to identify potential interactions between the transgenes and transgene products contained in the combined events, on a case-by-case basis. When there is a likelihood of interaction, additional studies can be designed to address anticipated interaction(s) and to either confirm or update the existing safety assessments. 
Results

Compositional analysis
For each nutritional component, the mean levels for the single events and the stacks were very similar ( Table 1 ). The compositional analysis data for Bt11 was limited, so no comparison with that single event was possible for many of the analytes measured in the stacks. The range of values for each of the six stacked event hybrids were compared to the compiled prediction intervals derived from data of each of the corresponding single events contained in each stack. For example, the range of protein levels in the Bt11 9 MIR162 9 GA21 stack (10.0-12.7% dry weight) was compared to the range of the prediction intervals for Bt11, MIR162 and GA21 (6.87%-13.5%) . Most values of the stacks were within the collective prediction interval ranges for the corresponding singles. When a low or high value for a stack was not within the prediction intervals for the singles, it was often due to only one or a few of the stack values falling outside of the prediction intervals.
About half of the stack ranges with values outside of the prediction intervals occurred among the minerals, which are not metabolized by the plant but are instead absorbed from the surrounding environment and thus are heavily influenced by such environmental parameters as soil type, soil cation exchange capacity and fertilization regimes.
Across all nutritional components, the Bt11 9 GA21 stack had the greatest number of values outside of the prediction intervals. The Bt11 and the GA21 events were both present in four other stacks, yet the occurrence of values outside of the prediction intervals was inconsistent compared to the Bt11 9 GA21 stack (see highlighted range values, Table 3 ). If two events in a stack were interacting with one another to cause changes in composition, then that interaction should occur whenever those specific events were combined in a stack. However, examination of the means and ranges of other stacks containing these events showed no such pattern.
All values within the data set fell within the ranges of the International Life Sciences Crop Composition Database (ILSI 2014), which reports nutritional component levels for conventional crops.
The data for the single events and stacks were generated from plants grown in multiple environments (years, location and germplasm). The observed variability in grain composition can be attributed to these differences. It is well documented that both growing environment and germplasm have a strong influence on the composition of maize (Harrigan et al., 2007; Reynolds et al., 2005; Skogerson et al., 2010; Venkatesh et al., 2014) . These results are consistent with the expectation that these events have little effect on composition, whether as single events or stacked with one another, and are a good representation of the variability in composition inherent in maize.
Protein expression
The ranges of concentration for each of the transgenic proteins in maize grain for all stacks were within the range of those for the corresponding single events (Figures 1-5 ) except for Cry1Ab in two Bt11 9 MIR604 9 GA21 samples, which were very slightly lower than the range in Bt11 ( Figure 1 ). As expected, PMI concentrations in Bt11 9 MIR162 9 MIR604 9 GA21 maize grain were higher than those in MIR162 or MIR604 due to the expression of two pmi genes, each contributed by MIR162 and MIR604 ( Figure 5 ). The concentrations of Cry1Ab in Bt11 9 MIR162 9 GA21 and Vip3Aa20 in Bt11 9 MIR162 9 MIR604 9 GA21 were generally higher than in the other stacks (Figures 1 and 4) but were still within the ranges of expression for the single events (Bt11 and MIR162) grown in the same trials and in the same germplasm. Concentrations of PAT in event Bt11 and stacks containing Bt11 are not included because PAT concentrations were typically less than the limit of quantitation in grain. While these results do not indicate a difference in expression levels due to stacking of GM events, they do illustrate how environment and germplasm can affect protein expression levels.
Molecular characterization
The Southern analyses had the expected hybridization patterns of the cry1Ab and pat genes from Bt11, the vip3Aa20 and pmi genes from MIR162, the mcry3A and pmi genes from MIR604 and the mepsps gene from GA21 contained in the stacks. An example Southern blot analysis for pmi is shown in Figure 6 . These results demonstrated that inheritance and integrity of the transgenic inserts were preserved during conventional breeding for production of the stacks Bt11 9 GA21, Bt11 9 MIR604, MIR604 9 GA21, Bt11 9 MIR604 9 GA21, Bt11 9 MIR162 9 GA21 and Bt11 9 MIR162 9 MIR604 9 GA21 maize.
Discussion
The World Health Organization (WHO 1995) has stated that when two plants, which are substantially equivalent to conventional varieties are crossed by conventional breeding, the combined event product is expected to be substantially equivalent to the individual events. The composition, protein expression and molecular characterization data reported herein for several stacked GM event combinations and the component single events supported the position of the World Health Organization. Additionally, these results were consistent with the conclusions of EFSA following review of applications submitted for import approval of these single events and stacked GM event combinations (EFSA 2005 , 2009a ,b,c, 2010a ,b,c, 2011b , 2012 , EFSA, GMO Panel, 2015 .
More than 20 different GM crops with stacked events have been evaluated by EFSA and other regulatory agencies and in all cases EFSA concluded that there were no compositional, agronomic or phenotypic changes that would raise safety concerns (Kok et al., 2014) .
In considering the safety of stacked GM events for food and feed use, Steiner et al. (2013) posed two questions: (i) Is genomic instability increased in stacked GM events, and (ii) Can potential interactions between the transgenes and their products impact safety? An overview of genome plasticity and the mechanisms known to contribute to changes in plant genomes are well described by Weber et al. (2012) . These molecular mechanisms naturally occur in plants, and as conventional breeding to combine GM events does not introduce additional recombinant DNA into the genome or modify the existing genomic DNA (Pilacinski et al., 2011) , there is no biological reason for the frequency or nature of genomic instability to differ in stacked GM events. If genomic instability does occur that affects the GM sequences contributed by the individual events, the likely outcome would be a reversion to the parental phenotype. The molecular characterization data for the GM stacks described herein confirmed stable inheritance and intactness of the inserted DNA, and supports the view that combining events through conventional breeding does not increase genetic instability. Taken together, these data provide a strong rationale for revision of the current practices for food and feed safety assessments of stacked GM events through problem formulation focused on potential interactions resulting from the specific combination of GM events (Kok et al., 2014; Steiner et al., 2013; Weber et al., 2012) . Problem formulation approaches to risk assessment maximize the possibility of detecting effects that indicate potential risk (Raybould, 2006) . The identification and assessment of potential interactions between stacked GM events can be undertaken on a case-by-case basis, taking into consideration any metabolic pathways that could be influenced by the expression of the transgenes in the single events, and whether such interactions could result in changes in the plant that would impact food and feed safety. Based on each transgene's mode of action, it is possible to make predictions concerning potential interactions in the resulting GM stack. An interaction in the plant is not expected when the transgene products are not part of, or do not interact with, common metabolic pathways. Combinations of insect resistance traits fall into this category, as most insecticidal proteins have no known metabolic activity in planta. Herbicide tolerance is typically conferred by an herbicide-insensitive version of the targeted enzyme or by an enzyme that metabolizes the herbicide, rendering it inactive, so it is also unlikely that a plant interaction could occur between proteins engineered for insect resistance and proteins expressed for herbicide tolerance. There are proteins that are known to act synergistically, and the potential for synergism between proteins combined by stacking of GM events should be evaluated. Although the scope of this manuscript is limited to food and feed safety, problem formulation can and should be applied to potential synergism of insect and herbicide resistance genes in assessments related to environmental safety. A diagram representing a decisionmaking process for stacked GM event safety assessment data is shown in Figure 7 .
Conventional breeding has a history of safe use for combining genetic information for the improvement of crop plant varieties (CLI 2011). As described herein, all new GM events undergo extensive characterization and risk assessment prior to their commercial release. Because there is no evidence of increased genome instability when GM events are stacked through conventional breeding, if there is also no plausible interaction of the transgenes or their products, then stacked GM events can be considered as safe as their component single events (CLI 2015) .
Experimental procedures
The events and stacked GM events described herein consisted of the maize events Bt11, MIR162, MIR604 and GA21, and several Figure 1 Cry1Ab concentrations in grain of event Bt11 (dark grey) and stacks containing event Bt11. N = 170 (Bt11), 32 (Bt11 9 GA21), 5 (Bt11 9 MIR604), 29 (Bt11 9 MIR604 9 GA21), 10 (Bt11 9 MIR162 9 GA21) and 9 (Bt11 9 MIR162 9 MIR604 9 GA21); Number of environments (combination of germplasm, year grown and location) = 11 (Bt11), 4 (Bt11 9 GA21), 1 (Bt11 9 MIR604), 3 (Bt11 9 MIR604 9 GA21), 1 (Bt11 9 MIR162 9 GA21), 1 (Bt11 9 MIR162 9 MIR604 9 GA21); 9 = individual datapoints for Cry1Ab in event Bt11 and Bt11 9 MIR162 9 GA21 grown together in one field trial.
Figure 2 mCry3A concentrations in grain of event MIR604 (dark grey) and stacks containing event MIR604. N = 101 (MIR604), 5 (MIR604 9 GA21), 5 (Bt11 9 MIR604), 19 (Bt11 9 MIR604 9 GA21) and 8 (Bt11 9 MIR162 9 MIR604 9 GA21); Number of environments (combination of germplasm, year grown and location) = 7 (MIR604), 1 (MIR604 9 GA21), 1 (Bt11 9 MIR604), 3 (Bt11 9 MIR604 9 GA21) and 1 (Bt11 9 MIR162 9 MIR604 9 GA21). stacks created by combining these events through conventional breeding. Maize plants derived from event Bt11 express a truncated Cry1Ab protein for control of certain lepidopteran pests and a phosphinothricin acetyltransferase (PAT) protein that confers tolerance to glufosinate herbicide. Maize event MIR162 expresses a Vip3Aa20 protein for control of lepidopteran insect pests and a phosphomannose isomerase (PMI) protein that was used as a selectable marker. Event MIR604 expresses a modified Cry3A (mCry3A) protein for control of corn root worm and phosphomannose isomerase (PMI). Maize event GA21 expresses a modified 5-enol pyruvylshikimate-3-phosphate synthase (mEPSPS) protein that confers tolerance to glyphosate herbicide. Stacked GM events were produced by combining the individual events Bt11, MIR162, MIR604 and GA21 through conventional breeding. The single events and stacks evaluated in this study were in several different genetic backgrounds.
Compositional analysis
The single events and stacked GM events were grown in field trials to generate grain samples for compositional analysis. The field trials were conducted between 1995 and 2009 in the United States' Corn Belt, and in Europe, in agricultural regions suitable for the specific hybrids being grown. Each single event or stack was grown in separate field trials at multiple locations (Table 2) . Some were grown in the same location and year, but in a different trial and in different genetic backgrounds. The field trials at each location were randomized in a complete block experimental design with three or four replicate plots at each location, except for the Bt11 trials, which consisted of a single plot at multiple locations. Developing maize ears were bagged before silk emergence to avoid pollen contamination and then selfpollinated by hand and rebagged. The trials were maintained according to agricultural practices normally employed in the particular regions, including the use of pesticides needed to maintain plant health. Fifteen self-pollinated ears per plot were harvested at maturity and dried to not more than 18% moisture, the grain was removed from the ears, and a well-mixed sample from each plot of approximately 500 g was retained. The samples were stored at À20°C AE 10°C until they were analysed.
Levels of key nutritional components recommended by the Organization for Economic Cooperation and Development (OECD 2002) were measured in maize grain. The components measured were crude protein, fat, carbohydrates (by subtraction), acid detergent fibre, neutral detergent fibre, starch, minerals (calcium, copper, iron, magnesium, manganese, phosphorus, potassium, selenium and zinc), fatty acids (five most abundant in maize), vitamins (b-carotene, thiamine, riboflavin, niacin, pyridoxine, folic acid and a-tocopherol), important nutritional secondary metabolites (ferulic acid, inositol and q-coumaric acid) and antinutrients (phytic acid, trypsin inhibitor and furfural).
All samples were analysed by Covance Laboratories, Inc. (Madison, WI) using published industry-standard analytical methods (e.g. AOAC International 2005) or methods developed and validated by Covance Laboratories. The component levels were Figure 3 mEPSPS concentrations in grain of event GA21(dark grey) and stacks containing event GA21. N = 208 (GA21), 5 (MIR604 9 GA21), 30 (Bt11 9 GA21), 29 (Bt11 9 MIR604 9 GA21), 10 (Bt11 9 MIR162 9 GA21) and 8 (Bt11 9 MIR162 9 MIR604 9 GA21); Number of environments (combination of germplasm, year grown and location) = 12 (GA21), 1 (MIR604 9 GA21), 4 (Bt11 9 GA21), 3 (Bt11 9 MIR604 9 GA21), 1 (Bt11 9 MIR162 9 GA21) and 1 (Bt11 9 MIR162 9 MIR604 9 GA21).
Figure 4 Vip3Aa20 concentrations in event MIR162 (dark grey) and stacks containing event MIR162. N = 52 (MIR162), 10 (Bt11 9 MIR162 9 GA21) and 9 (Bt11 9 MIR162 9 MIR604 9 GA21); Number of environments (combination of germplasm, year grown and location) = 6 (MIR162), 1 (Bt11 9 MIR162 9 GA21), 1 (Bt11 9 MIR162 9 MIR604 9 GA21); 9 = individual datapoints for Vip3Aa20 in MIR162 maize and Bt11 9 MIR162 9 MIR604 9 GA21 maize grown together in one field trial. converted to equivalent units of dry weight (DW) based on the moisture content of each sample. Means, standard deviations (SD) and ranges were calculated across trials for each event or stack. Based on the compiled data for each single event, prediction intervals were calculated for the single events as a means of assessing the consistency of the data from stacks containing that single event. These prediction intervals predict with 95% confidence the range within which an additional observation would fall.
Protein expression
Protein expression data were compiled from 26 studies including eight different field trial locations in four different countries over an eight-year period (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (Table 3) . Comparative protein expression studies included both the stacked GM event and component single events in the same genetic background, grown in five replicate plots arranged in a randomized complete block design. In addition to the compar- Figure 5 Phosphomannose isomerase concentrations in event MIR604, event MIR162 (both dark grey) and stacks containing events MIR604 and MIR162. N = 101 (MIR604), 52 (MIR162), 5 (MIR604 9 GA21), 5 (Bt11 9 MIR604), 29 (Bt11 9 MIR604 9 GA21), 10 (Bt11 9 MIR162 9 GA21) and 17 (Bt11 9 MIR162 9 MIR604 9 GA21); Number of environments (combination of germplasm, year grown and location) = 7 (MIR604), 6 (MIR162), 1 (MIR604 9 GA21), 1 (Bt11 9 MIR604), 3 (Bt11 9 MIR604 9 GA21), 1 (Bt11 9 MIR162 9 GA21) and 1 (Bt11 9 MIR162 9 MIR604 9 GA21). Figure 6 Southern blot analysis confirming presence of pmi in event MIR162, event MIR604 and in Bt11 9 MIR162 9 MIR604 9 GA21. (Abendroth et al., 2011) . Each sample was placed immediately on dry ice upon removal from the cob and stored frozen. Grain samples were ground to a powder in the presence of dry ice, using a commercial food processor.
Proteins were extracted by homogenization in an appropriate buffer and each extract was analysed by an enzyme-linked immunosorbent assay (ELISA) specific to the transgenic protein of interest. Concentrations of the target protein were interpolated from a standard curve then converted to lg of protein per gram of sample. Data for each transgenic protein in each single event or stack were combined across germplasm, season and location, and means, medians and ranges, displayed in box plots.
Molecular characterization
Southern analyses were performed using standard molecular biology techniques (Chomczynski, 1992) . Genomic DNA samples from each of the individual events, the stacks and nontransgenic controls were digested with restriction enzymes that resulted in a characteristic DNA hybridization pattern for each probe. For analysis of Bt11, MIR162 and MIR604 inserts, plasmid DNA representing one copy per maize genome, based on plasmid size, was included to serve as a positive control for each of the genes of interest. For the GA21 maize insert analysis, a portion of a restriction enzyme-generated fragment containing the mepsps gene, representing one copy per maize genome, was used as a positive control for the mepsps-specific probe. A nontransgenic control was included on each Southern blot to identify any endogenous maize sequences that could cross-hybridize with the element-specific probes.
